 RO treatment, such as P, K, Cl, Ca, Mg, Na, Zn, Fe, and Cu, were 
other valuable products from animal wastewater, such as fuel and fertilizer, along with reclamation of water, may help improve the process economics.
The overall goal of this research was to develop an integrated wastewater treatment system capable of converting animal wastewater into energy, fertilizer products, and clean water. The objective was to investigate the technical feasibility of combining biological treatment processes (anaerobic and aerobic treatment) and physical treatment processes (sand filtration and reverse osmosis) in one system. Li and Zhang (2001) demonstrated the efficacy of using an integrated anaerobic and aerobic treatment system for animal wastewater. The study reported in this article was an extension of the previous research to incorporate two sequential separation processes, sand filtration and reverse osmosis (RO), to provide further treatment of the liquid effluent of biological treatment processes to yield concentrated nutrient liquid and clean water.
Membrane separation technologies have been applied to the separation of solids and recovery of materials from waste streams, purification of polluted water, and desalination of salt water (Duvel and Helfgott, 1975; Bilstad, 1995; Ozaki and Li, 2002) . Reverse osmosis (RO) is a commonly used membrane separation process. It has been found to be capable of removing a wide spectrum of impurities from contaminated water at high efficiencies (Bilstad, 1995) . For domestic and industrial applications, solids sedimentation and chemical precipitation are common pretreatment methods prior to membrane separation (Lopez-Ramirez et al., 2003) . Reports describing the application of membrane separation to animal wastewater treatment are scarce. Bilstad et al. (1992) studied W the use of RO with raw and anaerobically digested pig manure. An RO module consisting of 18 tubular polyamide membranes was used to treat pig manure that had undergone anaerobic digestion, chemical treatment, and mechanical solid/liquid separation. The pilot separation trials were performed in batches, i.e., the RO reject was returned to the feed tank. After RO treatment, 95% of total nitrogen was removed from the liquid. RO proved to be an effective process to separate nitrogen and salts from animal wastewater. However, much more research is needed to investigate the applications of membrane separation technologies in various animal wastewater treatment systems.
MATERIALS AND METHODS

SWINE MANURE COLLECTION AND PREPARATION
Swine manure used in this study was collected on the Swine Research Farm of the University of California, Davis (UC Davis). The pigs on the farm were 16 to 20 weeks old. The manure was collected off a concrete floor and then slurried by adding tap water. The manure slurry was screened with two sieves with openings of 4 × 4 mm and 2 × 2 mm, respectively, to remove hairs and large particles. The screened manure was immediately stored in a freezer at -20°C until use. When needed, the stored manure was thawed, analyzed, and diluted with tap water to obtain desired volatile solids (VS) concentration. Due to loss of urine prior to manure collection, the collected manure contained a relative low content of ammonia. Urea was added to the manure to increase the NH 3 -N concentration to a level typically found in fresh manure on commercial swine farms. The prepared manure was then stored in a refrigerator at 4°C and used as feed for the anaerobic sequencing batch reactor (ASBR).
EXPERIMENTAL SETUP AND OPERATION
A laboratory-scale wastewater treatment system, shown in figure 1, was used for this study. The system consisted of the following elements connected in series: one anaerobic sequencing batch reactor (ASBR), two aerobic sequencing batch reactors (SBR1 and SBR2), one solids settling tank, one sand filter, and one reverse osmosis membrane unit (RO). The ASBR and the two SBRs were made of clear acrylic tubes of 10 cm inside diameter. The ASBR had a 12 L working volume and was heated using a hot water jacket outside the reactor. The temperature of the ASBR was controlled at 35°C ±1°C throughout the experiment. SBR1 and SBR2 had 4 L and 7.5 L working volumes, respectively. The SBRs, sand filter, and RO were operated at an ambient temperature of 20°C to 21°C.
The ASBR was designed to treat swine manure of about 15,000 mg/L volatile solids (VS) at 3.0 g VS/L/d loading rate. This VS level was in the range encountered on swine farms. The ASBR was initially seeded with 10 L of sludge from a mesophilic anaerobic digester at the UC Davis wastewater treatment plant. The TS and VS of the seed sludge were 53,000 mg/L and 31,000 mg/L, respectively. The ASBR was first started with an influent of about 10,000 mg/L at 0.5 g VS/L/d loading rate (see table 3) and 20 d HRT. The loading rate was then increased to 1.0 g VS/L/d by decreasing the HRT to 10 d. After the ASBR reached stable operation, as indicated by steady daily biogas production, the influent VS was increased to about 15,000 mg/L, and the loading rate was increased to 1.5 g VS/L/d. Later, the loading rate was increased to 2.25 g/L/d and then to 3.0 g/L/d by decreasing the HRT from 10 d to 6.7 d and then to 5 d. After the ASBR reached a steady state at 3.0 g VS/L/d, its effluent was discharged into SBR1 for aerobic treatment. The steady state of the ASBR was defined by less than 5% variation of daily biogas production during a two-week (or greater) period. It normally took about two weeks for the ASBR to reach a steady operation after a new loading rate was applied. The ASBR was fed four times a day and mixed by gas recirculation for 3 min every hour. Each treatment cycle was 6 h, which included 2 min feeding, 4 h reacting, 1 h and 56 min settling, and 2 min decanting. Feeding, mixing, and decanting were performed by means of three peristaltic pumps (Masterflex with Easy-Load II, Cole Parmer Instrument Company, Vernon Hills, Ill.), which were controlled by a digital timer (ChronTrol, Lindburg Enterprises, Inc., San Diego, Cal.). The effluent of the ASBR was directly decanted into SBR1 for further treatment. The treatment objective of SBR1 was to further reduce the organic matter and suspended solids in the liquid effluent. Ammonia oxidation (nitrification) was controlled at a low level by using relatively short HRT and SRT. SBR1 was initially seeded with the activated sludge obtained from an oxidation ditch at the UC Davis wastewater treatment plant. It was operated at a 2 d HRT with dissolved oxygen (DO) controlled at approximately 2 mg/L. It was aerated with compressed air that was humidified by passing through a 15 L water container at a flow rate of 1.75 L/min. Air was delivered into the reactor through two air stone diffusers near the bottom of the reactor to ensure even air distribution. The operating sequence of SBR1 was the same as that of the ASBR except that sludge was removed from SBR1 once a day. The sludge removal was done after decanting. The suspended solids (SS) of the mixed liquor in SBR1 prior to decanting were maintained at about 20,000 mg/L, and the SRT was 5 d. The sludge was transferred into a small settling tank, and after 6 h settling, the supernatant was decanted from the settling tank and combined with the liquid effluent of SBR1 for further treatment with SBR2 or the sand filter. The sludge collected in the settling tank was disposed of separately.
Two further treatment options were explored for the liquid effluent of SBR1. One was treatment with the sand filter and RO, and the other was treatment with SBR2, sand filter, and RO. To study the first treatment option, 57 L of the liquid effluent of SBR1 was collected over a one-month period and stored at -20°C until use for the separation test. To study the second treatment option, the liquid effluent of SBR1 was discharged into SBR2. The objective of using SBR2 was mainly to increase the nitrification of the liquid effluent. The HRT and SRT of SBR2 were 4 d and 40 to 46 d, respectively. The SRT was not purposely controlled. SBR2 was aerated in the same way as SBR1. The airflow rate was 0.55 L/min, and the DO in the reactor was about 2.5 mg/L. SBR2 was initially seeded with 2 L of sludge obtained from SBR1. It took about two weeks to achieve satisfactory nitrification. SBR2 had the same operational sequence as SBR1 except that no sludge was drawn from SBR2. After SBR2 reached a steady state, 57 L of its effluent was collected and then stored at -20°C until use for the tests with the sand filter and RO.
A laboratory-scale sand filter was built and tested with the objective of achieving further removal of suspended solids from the liquid effluent of the SBRs prior to RO in order to prevent fouling the membranes. The design loading rate of the sand filter was 100 m 3 /m 2 /d, and the surface area was 1.7 × 10 -3 m 2 . These values were determined from the recommendation of Davis and Cornwell (1998) . The sand filter was 0.61 m deep and consisted of four sections with different sand grain sizes, which were selected using standard sieves (Newark Wire Cloth Company, Newark, N.J.). The sand grain size and depth of each section are shown in table 1. A schematic of the RO test unit is shown in figure 2 . Two types of spiral-wound RO membranes (AG2540 and SE2540, Osmonics, Inc., Vista, Cal.) were tested with either the liquid effluent of SBR1 or the effluent of SBR2. The membrane specifications are given in table 2. For AG2540, the specifications were based on a 2,000 mg/L NaCl solution at 1,551 kPa operating pressure, 25°C temperature, 7.5 pH, and 15% recovery. For SE2540, the specifications were based on a 2,000 mg/L NaCl solution at 2,930 kPa operating pressure, 25°C temperature, 6.5 pH, and 15% recovery.
Before performing the separation tests, each new membrane was stabilized for 30 min under a pressure of 670 kPa using 57 L solution containing 250 mg/L NH 3 -N and 250 mg/L NO 3 -N. All the RO tests were run as batch operations. At each operation, the membrane was stabilized by processing the liquid effluent for 10 min with both reject and permeate returned to the feed tank. Then 57 L of liquid effluent was processed continuously with reject returned to the feed tank and permeate collected separately until the volume of remaining liquid in the feed tank reached 10% of the original volume, which corresponds to 90% volume reduction (VR). The feed inlet pressure for different tests was set and controlled to achieve about 10% recovery of water (permeate). After each test run, the membrane was cleaned by running the unit with 38 L tap water followed by 15 L distilled and de-ionized water under pressure.
MEASUREMENT, DATA COLLECTION, AND ANALYTICAL ANALYSIS
The biogas production of the ASBR was continuously measured with a wet-tip gas meter (Rebel Point Wet Tip Gas Meter Company, Nashville, Tenn.). The pH of the ASBR was monitored once a week. Once the daily biogas production became stable at a given loading rate, the performance data of the reactor were collected by sampling the influent and effluent on three consecutive days and analyzing the samples for COD, TS, VS, SS, VSS, TKN, NH 3 -N, pH, total coliforms (TC), and E. coli. The biogas was also sampled and analyzed for CH 4 and CO 2 using a gas chromatograph (GC) (Hewlett Packard, Avondale, Pa.) equipped with a thermal conductivity detector (TCD) and a glass-packed column (Alltech Associates, Inc., Deerfield, Ill.). The reductions of various constituents in the manure after anaerobic digestion were calculated based on concentration differences between the influent and effluent. Each analysis was performed in triplicate, and the reported values in this article are the mean values. SBR1 was first monitored by regularly measuring the TS, VS, NH 3 -N, NO 2 -N, NO 3 -N, and pH in the liquid effluent. When the daily variation of these parameters was less than 5% during a two-week period, SBR1 was considered to be stable. Then the influent and two effluents (liquid and sludge) were sampled and analyzed for the same constituents as for the ASBR plus NO 2 -N and NO 3 -N. Reductions of these constituents in liquid effluent and in total effluent (liquid + sludge) were calculated based on concentration differences and mass balances, respectively. SBR2 was monitored, sampled, and analyzed in the same way as SBR1. No sludge was removed from SBR2 during the testing period.
The sand filter was tested with the liquid effluent of SBR1 and the effluent of SBR2, separately. Samples were taken before and after sand filtration and analyzed for TS, VS, COD, TKN, NH 3 -N, NO 2 -N, NO 3 -N, EC, and pH. To determine the effectiveness of sand filtration in bacterial removal, fresh effluent from SBR2 was filtered and analyzed for reduction of total coliforms (TC) and E. coli.
For the RO unit, the samples of reject and permeate were taken when the volume reduction in the feed tank reached 50% and 90%. Samples of 500 mL each were analyzed for TN, TKN, NH 3 -N, NO 2 -N, NO 3 -N, and EC. The rejection factors and yields of TN, TKN, NH 3 -N, NO 2 -N, and NO 3 -N at different volume reductions were calculated. The rejection factor for each constituent was defined as the difference between its concentrations in the reject and permeate, divided by its concentrations in the reject (Geankoplis, 1993) . The yield was defined as:
The rejection factor is used to evaluate the performance of the RO membrane, while the yield reflects the efficiency of the concentration process for retaining desirable constituents.
Additional samples of 100 mL each were taken from both reject and permeate during the test for quick measurement of EC to monitor the performance of the membrane. The samples were returned to the feed tank after measurement. The feed line pressure, permeate temperature, and permeate flow rate were also measured and recorded.
The analyses of TS, VS, SS, VSS, TC, and E. coli were performed using standard methods (APHA, 1998). The NH 3 -N, pH, EC, and temperature were measured with an Accumet meter (Fisher Scientific, Pittsburgh, Pa.) with a gas-sensing electrode, pH electrode, conductivity cell, and temperature probe, respectively. The COD, TKN, NO 3 -N, and NO 2 -N were analyzed using the Hach methods (Hach, 1997) . The DO was measured with a DO meter (model 58, YSI, Inc., Yellow Springs, Ohio).
RESULTS AND DISCUSSION
PERFORMANCE OF THE ASBR AND SBRS
The performance data of the ASBR at different loading rates, in terms of TS and VS reductions, biogas yield, and CH 4 yield, are shown in table 3. There was a slight decrease in the solids reductions and biogas yield as the loading rate was increased and the HRT decreased, but the decrease was less than 4.5% when the loading rate was increased by six fold (from 0.5 to 3.0 g VS/L/d). The CH 4 content of biogas was 72% on average. The performance data of the ASBR at 3 g VS/L/d are shown in table 4. The reductions of COD, TS, VS, SS, and VSS were 44%, 36%, 46%, 36%, and 45%, respectively. The biogas yield and CH 4 yield were 0.47 and 0.33 L/g VS fed, respectively. The NH 3 -N in the effluent was 55% higher than in the influent. About 25% organic nitrogen (exclusive of urea nitrogen added) in the influent was converted into ammoniacal nitrogen in the effluent. The anaerobic treatment resulted in more than 1 log reduction in total coliforms and E. coli.
The performance data of SBR1 and SBR2 are shown in table 5. The concentration reduction in percentage was based on the concentrations in the influent of each reactor. Both SBRs were highly effective in removing COD and solids (TS, VS, SS, and VSS) from the liquid effluent through a combination of biological oxidation and solid settling. The reductions of suspended solids (SS and VSS) and COD in the liquid effluent of SBR1 were 90% and 80%, respectively. The ammonia in SBR1 was partially oxidized. The total nitrogen (TN) in the total effluent was lower than in the influent by 23%. This TN loss might be caused by a combination of ammonia volatilization and denitrification, with ammonia volatilization considered to be the major cause due to the relatively high pH level (8.35). The reductions of COD and solids in the total effluent were lower, approximately 30%. This means that a significant amount of COD and solids was removed in the sludge, which needs to be treated and managed properly. The volumes of liquid effluent and sludge were 80% and 20% of the influent volume, respectively. In SBR2, further COD and solids reduction and nitrification were achieved. Nitrogen in oxidized forms (NO 2 -N and NO 3 -N) was 53% of total nitrogen (TN) in the SBR2 effluent. As a comparison, it was 14% of TN in the SBR1 liquid effluent.
The overall performance data of the ASBR and SBR system are shown in table 6. All reductions in percentage were based on the influent characteristics of the ASBR. After SBR2, the reductions of COD, TS, VS, SS, and VSS reached 92%, 89%, 93%, 96%, and 97%, respectively. There was close to 3 log cfu reduction in total coliforms (TC) and E. coli, indicating an effective destruction of fecal bacteria in the manure. The pH of the manure changed as it passed through the system. It increased from 6.63 initially to 7.11 in the ASBR, to 8.35 in SBR1, and then decreased to 7.31 in SBR2.
PERFORMANCE OF SAND FILTER AND REVERSE OSMOSIS UNIT
As shown in table 7, the major role of the sand filter appeared to be further removal of solids associated with particulate matter. Based on the influent of the sand filter, the removal of suspended solids was 41% for the SBR1 liquid effluent and 76% for the SBR2 effluent. Due to the fact that suspended solids contributed to only a small part of TS and COD in both effluents, the removals of TS and COD were much less significant. About 10% or less nitrogen elements (NH 3 -N, NO 2 -N and NO 3 -N) were removed.
The rejection factors and yields of different nutrient and salt elements at two different volume reductions (50% and 90%) are listed in tables 8 and 9. In general, the performance of RO membrane AG2540 was better than that of SE2540 for separating nutrients and salts from water. The concentrate contained about 90% of the nitrogen in the feed when its volume was 50% of the original feed volume, and it contained about 70% of the nitrogen when its volume was 10%. The yield of other elements, such as P, K, Cl, Ca, Mg, Na, Zn, Fe, [a] Reductions of various constituents indicated for SBR1 and SBR2 were based on the influent of each reactor. Reduction in liquid effluent of SBR1 was based on concentration reduction, and reduction in total effluent of SBR1 was based on mass reduction. and Cu, in the concentrate was mostly over 95%, except that the yields of K, Cl, and Na at 90% volume reduction were slightly lower (80% to 92%). The concentrate can be potentially used as plant fertilizer. The reclaimed water (permeate) was very clear, and its characteristics at different volume reductions are listed in table 10. The permeate flow rate, EC, feed inlet pressure, and permeate temperature changed as the RO test progressed ( figs. 3 and 4) . Generally, these parameters did not change much when the volume reduction was less than 60%. When the liquid effluent was further concentrated, the temperature and EC increased significantly. The increase of EC in the permeate reflects the increase of the organic matter and salts in the permeate. Based on the EC data, the recommended maximum volume reduction seems to be 70% in order to prevent excessive loss of nutrients to the permeate. It can also been seen that the AG2540 membrane gave higher permeate flow rates than the SE2540 membrane under a similar operating pressure. Due to a short testing period, fouling of membranes was not noticed in this study. Membrane maintenance issues, such as cleaning and replacement, and energy consumption need to be addressed when the treatment system is to be scaled up.
The mass flow of water, and TS and TN in the water, through the treatment system that contains all the components tested in this study is shown in table 11. The decrease of water is mainly due to sludge removal at SBR1 and concentrate separation at RO. The data for the AG2540 membrane at 50% volume reduction (based on volumes of concentrate and influent) were used as an example. In the listed scenario, 44% of the water was reclaimed from the original wastewater, and it had less than 5% and 10% of the TS and TN, respectively, in the original wastewater. Based on the mass balance, the sludge removed from SBR1 contained 29% and 31% of the TS and TN, respectively, in the original wastewater. It could be further dewatered and processed into a nutrient-rich soil amendment product. The costs and benefits of such an integrated treatment system are yet to be determined when the system is scaled up for farm applications. The cost items include the capital costs of all the equipment and structures in the system, operating costs, and maintenance costs. The biogas, nutrient-rich solids, liquid fertilizer, and reclaimed clean water are the products that have immediate market values.
The aeration in the SBRs is expected to be the most energy-consuming operation of the system. A preliminary analysis was conducted to estimate the potential energy requirement for operating the aeration equipment in the SBRs and compare it with the amount of electrical power that can be produced using the biogas, based on the methane yield of the ASBR and the VS and COD reductions in the ASBR and SBRs. The results show that for a 1000-head grow-finish swine operation, the amount of electrical power that is needed for aeration in the two SBRs is estimated to be 88 kWh/d, which is about 24% of the electrical power that can be produced from the biogas (372 kWh/d). The assumptions made in the calculations were: 0.36 kg/pig/d for VS production (MWPS, 2000) , 0.54 kg/pig/d for COD production (using the VS production given above and the ratio of VS/COD for the fresh swine manure collected in this study), 1 kg O 2 /kg COD removed for oxygen requirement of aeration in the SBRs, 1.36 kg O 2 /kWh for the efficiency of mechanical aerators, and 0.30 for energy conversion efficiency of an engine generator using biogas as the fuel. It is expected that the biogas energy produced from the manure is, at least, sufficient to meet the energy requirements for the wastewater treatment.
CONCLUSIONS
An animal wastewater treatment system that incorporates multiple biological and physical processes was developed and tested in this study. The following conclusions can be drawn from the results of this study: S The ASBR and SBRs, together with sludge separation, removed around 90% COD and solids (TS, VS, SS, VSS) from the liquid fraction of screened swine wastewater that had an initial VS concentration of about 15,000 mg/L and made the liquid effluent suitable for downstream processing using sand filtration and RO membrane separation. S The ASBR removed 36% TS and 46% VS in swine wastewater and had a methane yield of 0.33 L/g VS fed. Loss of water due to evaporation was negligible. [b] Mass reduction in SBR1 is due to separation of sludge. [c] Mass reduction in RO is due to separation of concentrate. [d] TS and TN are calculated based on the mass balances. Decrease of TS and TN is due to removal by means of biological degradation, solids settling, filtration, and membrane separation. The decrease of TN is also due to ammonia volatilization and denitrification.
S The SBRs were effective in providing further treatment of the ASBR effluent to achieve COD and solids reduction and ammonia oxidation. Two-stage SBRs are recommended if extensive nitrification is desired for the liquid effluent. S The RO membrane separation was highly effective in separating nutrient and salt elements from treated water. The test results indicate that with both types of membranes tested, it is feasible to concentrate over 70% of NH 3 -N, NO 2 -N, and NO 3 -N and over 90% of other elements, such as P, K, Cl, Ca, Mg, Na, Zn, Fe, and Cu, into the liquid effluent that has 10% volume of the original wastewater. The concentrated nutrient liquid may potentially be used as a liquid fertilizer. The characteristics of reclaimed water need to be further evaluated for its potential uses. S The integrated wastewater treatment system needs to be further studied using different influent characteristics to develop engineering designs for different farm applications. The system needs to be scaled up and evaluated at pilot and farm scales to determine various operational and maintenance issues, and its costs and benefits should also be analyzed. The results of a preliminary analysis show that the biogas energy produced from swine manure is, at least, sufficient to meet the energy requirement for operating the wastewater treatment system.
